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Abstract 
  
 This prospective study investigates whether a newly modified software program 
can effectively substitute for clinical measures of visual acuity like the standard Landolt 
C, ETDRS (Early Treatment Diabetic Retinopathy Study) and Snellen charts. One goal of 
this study is to compare these different charts to the computerized experiment that we 
have created. Important differences between recognition versus resolution based visual 
acuity charts are discussed in light of these studies. The “open door” computerized acuity 
program displayed a black box on a white background (XoW) or a white box on a black 
background (WoX) that had an opening on one of its four sides. The width of the opening 
varied as the subjects indicated with a joystick whether they could detect the “open 
door”. I found no significant difference in terms of visual angle in arcseconds between 
the XoW computerized “open door” experiment and the Landolt C Chart (CI 95%). 
However, a significant difference between the WoX “open door” experiment compared to 
that of the Landolt C Chart as well as the XoW ‘open door” experiment (CI 95%) was 
found. Comparisons made between the between the three different visual acuity charts 
that were used revealed significant differences between the Landolt C and the Snellen 
chart in terms of logMAR (CI 95%).  
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I. Introduction 
 
A. Development and Anatomy of the Eye 
              
        Figure 1.1. Neuronal Development of the Eye (http://webvision.umh.es/webvision/anatomy.html) 
 Figure 1.1 represents the neuronal development of the eye. The eye is derived 
from the neural tube, which creates two outcroppings from the diencephalon that are 
called the optic vesicles. After these optic vesicles are created, they begin to fold in on 
themselves to create the optic cups. The inside of these optics cups will further develop 
into the retina where there is a large amount of cellular division and migration of these 
different types of cells. The outer wall will give rise to the pigment epithelium. While the 
retina is developing, it develops in the inside to the outside, meaning that it develops 
from the ganglion cells to the photoreceptors. At first both the walls only consist of one 
layer, however the inner wall begins to divide and becomes the neuroepithelial layer that 
is many cells thick and are known as neuroblasts. The fovea is the last portion of the eye 
to develop and this consists of a thicker nuclear layer with many developing cone cells 
that are important in color determination. The ganglion cells that cover this region 
migrate to outward so that this region is just made up of cone photoreceptors. These 
photoreceptors then rearrange and change shape for a period that can last up to four years 
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after birth (Kolb, 2007). 
   Once the eye is fully developed, it is an 
elaborate organ that helps the brain understand 
the light that is around us. The eye brings in 
light and creates an electric potential within the 
photoreceptors of the eyes that travel through 
the optic nerve and into the brain for processing 
through different visual pathways. First, light 
travels through the cornea, which is an 
extension of the sclera. The sclera and cornea are made up of collagen fibers along with 
elastin fibers. Next, light passes through the pupil, which is the opening of the iris. The 
pupil is important because the pupil determines the amount of light that will enter the eye. 
The iris contains different muscles, which can change the size of the pupil through 
contraction and relaxation of these muscles due to the amount of light present. The light 
passes through a lens, which is also controlled by muscles. These muscles help focus the 
light on the retina in the back of the eye. When the object is close to the eye the lens 
becomes more rounded and when the object is far away the lens becomes stretched to 
account for these distances. Before the light hits the retina it moves through a large 
amount of fluid within the eye called the vitreous humor. Large amounts of 
phototransduction occur within the retina due to the cones and rods. Phototransduction is 
where these cells take the light that enters the eye and changes it into electrical impulses 
through changes in chemical concentrations that are then sent to the brain for visual 
processing (Kolb 2007). 
Figure 1.2. Anatomy of the Eye: Sagittal 
Section of Eye 
(http://webvision.umh.es/webvision/anat
omy.html) 
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B. Organization and Function of Cells within the Retina  
   
Figure 1.3. Organization of the Retinal Cells (http://www.arn.org/docs/glicksman/eyw_041101.htm) 
 
 As previously stated, the retina develops from the inside to the outside, where it 
first develops the ganglion cells and then works toward the photoreceptors. The 
organization of the retina is represented in Figure 1.3. There are many layers within the 
retina and they are organize in such a way were there are areas that contain cell bodies 
and other regions which only contain axons and synapses. The ganglion cells are what 
light passes through first when it reaches the retina. These ganglion cells receive visual 
information from the photoreceptors via the bipolar cells. The axons from the ganglion 
cells come together to create the optic nerve, which leaves the retina and connects with 
the brain for further processing. The amacrine cells are next within this layer of cells and 
there are very many different subclasses that have different functions. One function that 
has been found is that these cells are part of an important pathway to move information 
from the photoreceptors to the ganglion retinal cells (Purves, 2001).  Next, within the 
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structure of the retina are the bipolar cells; these cells are the intermediates between the 
photoreceptors and the ganglion retinal cells that carry the information to the brain. The 
cell bodies of these bipolar cells are within the inner nuclear layer of the retina. They 
connect to the photoreceptors within the outer plexiform layer and to the ganglion cells 
within the inner plexiform layer. Connected to the bipolar cells and photoreceptors within 
the outer plexiform layer are the horizontal cells that function to help with the visual 
systems’ ability to distinguish between luminance and cause feedback loops on cells that 
are near each other within the retina. This therefore helps distinguish edges of different 
objects due to the contrast in color and shading. Finally, photoreceptors are the finally 
layer of the retina and these cells are anchored into the pigment epithelium (Purves, 
2001). These cells perform phototransduction and will be discussed in depth in the next 
section. 
 
 C. Photoreceptors and Transduction 
 
 Photoreceptors are the main component in 
the process of phototransduction. There are two 
different types of photoreceptors, which are known 
as rod and cone cells. These two photoreceptors are 
shown in Figure 1.4. These two different 
photoreceptors have two different functions. The 
rod cells mainly work with twilight vision while 
cones function more with colored vision. The cones Figure 1.4. Structure of Rod and 
Cone Receptors. 
(http://thebrain.mcgill.ca/flash/d/d
_02/d_02_m/d_02_m_vis/d_02_m_
vis.html) 
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are mainly focused within a region of the retina called the fovea, which is an indentation 
within the retina.  
 There is a visual pigment called rhodopsin in rods that is an important factor in 
the absorption of light. There is a related pigment in cones, however it is not exactly like 
that of rhodopsin. Rhodopsin consists of two components, a protein known as opsin and a 
chromophore known as retinal. Retinal is a connected to the large protein, opsin, through 
a Schiff base, which is a carbon to nitrogen double bond. When a photon excites this 
visual pigment it goes through photoisomerization and changes from an 11-cis retinal 
compound to an all-trans element. Rhodopsin is contained within the disks of the rod 
photoreceptors and is not continuous with the outer membrane. Cones still utilize the 11-
cis retinal as well, however for each type of cone the opsin has a small change in it 
therefore causing specificity to a certain color. However, the related pigments in cones 
are seen to be on the infolded outer membrane regions and are continuous with this 
surface membrane (Baeher et al., 2003). 
 
Figure 1.5. Graph of the different wavelengths absorbed by the cone and rod receptors 
(https://www.unm.edu/~toolson/human_cone_response.htm) 
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 Cones are important in the function of color vision, which was previously stated. 
There are three different types of cones that are sensitive to different wavelengths of 
light. Figure 1.5 represents the absorption of the different cones are rods across the 
visible spectrum. The three different types of cones are S-, M- and L- cones that are 
sensitive to blue, green and red light respectively. Rods and cones differ in the opsin that 
is contained within their cells. The three different opsins in the cone receptors are S-
opsin, M- opsin and L-opsin. The difference is the sequence of the amino acids compared 
to the other opsin molecules. This is how certain types of color deficiencies can arise. Do 
to a genetic mutations there can be a lose of a certain visual pigment needed by the cones 
and without this pigment the person will not be able to see those colors. Cones do not 
have as many visual pigments compared to rod receptors therefore it takes more light to 
excite the receptors. One quanta of light can excite rod receptors while it would take 
about 100 quanta to excite a cone receptor to the same level (Purves, 2001).  
 
 
 
 
 
 
 
Figure 1.6. Process of transduction within rod receptor. (A) Molecular structure of rhodopsin. (B) 
Biochemical Cascade during transduction. (Purves, 2001) 
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 Transduction is the way in which the change in a molecular shape of rhodopsin 
causes a membrane potential. The process of transduction is shown in Figure 1.6 When 
light hits a rod receptor instead of becoming depolarized the receptors become 
hyperpolarized, which is the opposite of which is usually seen. Light is absorbed by the 
rod cones and the retinal that is contained within the disks on the outer portion absorb the 
light and go through a photoisomerization from an 11-cis isomer to all-trans 
configuration. The isomerization of the retinal chromophore then causes a change in the 
configuration of the opsin molecule that was previously attached to this retinal pigment. 
The conformation transition in the rhodopsin compound causes an activation of an 
intracellular messenger enzyme called transducin. Transducin, a G-protein coupled 
receptor has GTP bind to the alpha subunit, which then travels down the membrane and 
then activates phosphodiesterase (PDE). PDE interacts with cGMP through hydrolysis 
creating a 5’-GMP. The hydrolysis of cGMP causes there to be a decrease in the amount 
of cGMP within the disks of the rod receptors. Since cGMP binds to the Na+ ion 
channels on the outer surface of the rod receptors to open ion channels there is a decrease 
ion movement. With the Na+ channels closed there is a decreased amount of Na+ within 
the rod receptors. This is an important biochemical cascade because one activated 
rhodopsin molecule can activate about 800 transducin molecules and therefore this can 
activate around 800 PDE molecules that can breakdown around six cGMP a piece and 
therefore close around 200 ion channels per one activated rhodopsin molecule (Purves, 
2001). The closure of these Na+ channels causes a hyperpolarization of the cell and this 
in turn sends a signal through the rest of the retina towards the brain (Purves, 2001).  
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 The visual cycle of retinal is also a very important factor in the ability for the eye 
to have a chromophore that is ready to be stimulated by a photon of light again. Once the 
retinal is isomerized to an all-trans configuration, the compound is reduced using RDH 
and this causes it to become retinol. The retinol compound is then transported into the 
retinal pigment epithelium (RPE) where an enzyme called LRAT causes an esterification 
to occur and creates the all-trans retinyl ester. Another enzyme called RPE65 causes this 
all-trans retinyl ester to isomerize and hydrolyzes to the compound 11-cis retinol. Once 
the 11-cis retinol is produced the compound is oxidized creating a 11-cis retinal 
compound which is ready to be transported back into the rod outer segment for further 
use in the visual process (Baeher et al., 2003). The stepwise cycle is shown in Figure 1.7. 
Figure 1.7. Transformation of retinal within the rod outer segment and RPE (Baeher et al., 2003).  
  
 D. Perception of Light Intensity 
 Luminance is the physical measurement of light intensity and this may be the 
easiest way to understand the link between retinal stimulation and perception (Purves, 
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2001). The contrast between different territories that we see is due to the fact that the 
different ganglion cells are firing at different rates sending signals to the brain along with 
lateral inhibition that is due to the horizontal cells. Kuffler at John Hopkins University 
was the first to look at the luminance within a cat retina. When light was turned on in the 
receptive field center then there was burst of action potentials and when light was put on 
the outer region of the receptive field then there was a decrease in action potentials. 
These on-centers and off-centers overlap throughout the visual space so there is analysis 
by the two different types of luminance detectors.  
 Another researcher at Massachusetts Institute of Technology by the name of Peter 
Schiller looked at the effects of inactivation of these on-center ganglion cells in the retina 
of a monkey. They found that when there was an inactivation of these ganglion cells the 
monkey had a deficiency in their ability to detect stimuli that were brighter than the 
background (Purves, 2001). They also found that they could still detect objects that were 
darker than the background. This suggested that these two different luminance channels 
are carried in different pathways to the brain. With two different pathways for increasing 
and decreasing light intensity it is important to note these two different channels because 
they are experiencing negative and positive feedback to experience these different 
intensities of light (Purves, 2001).  
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 Figure 1.8. Representation of on-off bipolar cells and the pathways that these cells take 
(Purves, 2001)  
 These two different channels for increasing and decreasing can be seen on in 
Figure 1.8 where there are two different ganglion cells that represent and off-center and 
on-center cells. On-center and off-center bipolar cells express different responses to 
glutamate, which is a neurotransmitter. On-center bipolar cells contain a G-protein 
metabotropic glutamate receptor that when bound to glutamate closes Na+ channels, 
which causes hyperpolarization in the cell. This process was previously discussed in the 
section on phototransduction. Off-center bipolar cells are ionotropic receptors and are 
consider under the class of AMPA receptors. When glutamate is present with these 
receptors the cell depolarizes.  
 Photoreceptors hyperpolarize in response to light through the process of 
phototransduction, which decreases the release of neurotransmitter. On-center bipolar 
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cells are freed from the hyperpolarization from the photoreceptors and therefore 
depolarize (Purves, 2001). Off-center bipolar cells are different because a decrease in 
glutamate leads to the withdrawal of a depolarizing effect and then these cells 
hyperpolarize (Purves, 2001).  
 
 E. Visual Pathways 
 The ganglion cells come together to form the optic nerve (Figure 1.2) and there 
run into the brain and carry the electrical signals formed by the rod and cone receptors. 
The optic nerves run straight to the optic chiasm where around 60% of the axons cross 
and the other 40% continue on the same side to the thalamus and midbrain (Purves, 
2001). The axons from the optic chiasm continue on and form the optic tract, which 
contains fibers from each eye. The partial crossing allows for information from 
corresponding points on the retinas to be processed by approximately the same cortical 
site in each hemisphere (Purves, 2001). The optic tract then reaches the part of the 
thalamus known as the dorsal lateral geniculate nucleus (LGN). The axons from the LGN 
then move towards the occipital lobe near the calcarine fissure where the primary visual 
pathway is. This is where most of the important information for sight is sent to and 
processed (Purves, 2001).  
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  Another important pathway within the visual system is close to the LGN and is 
known as the pretectum. The pretectum is much smaller than the LGN however it is very 
important for the reflex of the pupil. This means that if there is necessary light falling on 
the retina then there will be a change in the size of the pupil. The suprachiasmatic nucleus 
is within the hypothalamus and this is a site where ganglion cell axons insert to help 
determine the day night cycle. Also the superior colliculus is a prominent structure that 
coordinates head and eye movements to visual cues. This structure lies within the tectum 
of the midbrain (Purves, 2001).  This pathway is represented in Figure 1.9. 
Figure 1.9.  Visual pathways leading to the Primary Visual Cortex in the Occipital Lobe. (Purves, 
2001) 
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 The striate cortex or V1 has 
also different layers that coordinate to 
different aspects of the visual field. 
These different layers and pathways 
are shown in Figure 1.10. These midget 
retinal ganglion or L and M cones that 
transmit “red-green” color are found in 
the parvocellular layer of the primary 
visual cortex. The axons reach into the 
third layer within the blobs (Gouras, 
2007).  The “blue-yellow” color or S- 
cones are transmitted to other layers known as the koniocellular and magnocellular layers 
of the V1. The koniocellular layers also seem to send axons to the third layer of the V1 
within the blob column. The magnocellular layer sends axons to the 4C alpha layer and 
the 4-beta layer. These layers seem to play some role in chromatic contrast, achromatic 
contrast and movement (Gouras, 2007).   
 
  
 F. Visual Acuity and Modern Day Charts 
 Visual acuity is the spatial resolving capacity of the visual system or the ability of 
the eye to see detail (Kalloniatis, 2007). There are many different ways in which you can 
exam visual acuity depending on the task that is done. The different types of acuity 
Figure 1.10. Orientation of different layers within 
the primary visual cortex. (Gouras, 2007) 
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include detection, recognition and localization. This research will be comparing our 
computer program to a recognition and resolution type of visual acuity that is the most 
widely used in clinical applications. Recognition is usually done with determining a letter 
of the alphabet like the Snelln and Early Treatment Diabetic Retinopathy Study (ETDRS) 
Charts. Figure 1.11 shows different letters that would be shown on a recognition based 
chart.  
  
                                                      
                         Figure 1.11. Examples of recognition visual acuity test (Kalloniatis, 2007) 
 For detection acuity test there is a certain way to determine what the visual acuity 
of the subject is. An example of this is that Snellen Letters are constructed so that the size 
of the stroke width and gap width is 1/5th of the overall height (Kalloniatis, 2007). To 
determine the visual acuity of the subject they take the smallest line that the subject could 
read and then use the equation VA= D’/D. D’ is the distance at which the subject is 
looking at the chart (usually 6 meters) and D is the distance at which each letter subtends 
5 minutes of arc (Kalloniatis, 2007). Table 1.1 shows the Snellen notation and the 
different forms of minimal angle of resolution in the different forms. ETDRS Charts are 
examples of the logMAR chart system, which is a way to improve the way vision is 
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measured and recorded and it helps take away the weaknesses that you see within the 
Snellen Chart. Some of these weaknesses that are seen with the Snellen Chart are that 
when the letters become smaller they are clustered closer together, which makes the 
lower letters more difficult. Another issue is that some patients may confuse two lines 
between each other and therefore will say some letters from one line and some letters 
from another so it is hard to determine what their acuity is. These issues are what lead 
scientists to create charts like the ETDRS chart to try and eliminate these issues that 
occur. There are many different annotations that are used to express the VA of a person. 
The first way to express VA is with the Snellen Notation which is the distance away from 
the letter the subject is over the distance at which the subject should be able to see the 
letter. This can be expressed in both feet and meters that are shown in Table 1. The 
decimal form is the numerator of the Snellen Notation divided by the denominator of the 
Snellen Notation. Finally, MAR stands for the Minimum Angle of Resolution and this is 
the reciprocal of the Snellen Notation and is equal to the angle, which the strokes of the 
letter subtend at the person’s eye (Kalloniatis, 2007). MAR is measured in arc minutes, 
which is 1/60th of a degree. Therefore, if someone has acuity of 20/200, then they will 
have a MAR of 10 arcminutes (Table 1.1). This then can also be translated to logMAR, 
which is the log10 of the MAR, which would be 1.0 (Kalloniatis, 2007). 
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    Table 1.1. Relationship of Snellen Notation and logarithmic minimum angle of resolution. 
 (http://visionforum.co.uk/2011/06/measuring-and-converting-visual-acuity/) 
 
   
The target detection (resolution) is another form of visual acuity that is widely used in 
research. Examples of target detection are the Landolt C and Illiterate E. These types of 
acuity test ask the subject to detect a gap in a certain location. This is also what you will 
see with the acuity software that we have created. These are helpful in determining visual 
acuity in children and people who are illiterate because they do not have to say what 
letter is being shown, but just have to determine which side has the opening. The Landolt 
C is mostly used with the European countries and this optotypes’ gap is 1/5th the diameter 
of the C.  These two types of resolution based tasks are shown in Figure 1.12.                
 
             
             
 
 
 
Figure 1.12. Examples of target detection (A) Landolt C (B) Illiterate E (Kalloniatis, 2007) 
 17 
 
 There have been many studies that have compared the different types of charts 
that have been created over the years to see if these charts give us similar VA or if they 
must be standardized or calibrated in a certain way. A prospective evaluation was 
conducting by Dr. Peter Kaiser, where he compared the Snellen chart to the ETDRS chart 
in a clinical setting. He found that the VA scores were significantly better on the ETDRS 
chart compared to the Snellen chart. This was the most pronounce when the subjects had 
poor VA which was less than 20/200 (Kaiser, 2009). There are also been many test that 
look at the comparison between recognition (Snellen and ETDRS) and resolution based 
test (Landolt C). Dr. Pointer and his colleagues compared the Landolt Chart and another 
logMAR chart that consisted of letters. Their results showed that with monocular vision 
the subjects had better VA with the logMAR letters compared to the Landolt C (Pointer, 
2008). There was also another study in 1998 by Dr. Raasch and his colleagues found that 
the Sloan letters was 0.038 logMAR units (1.9 letters) better than the results for the 
Landolt rings (Raasch et. al., 1998).    
  
 G. Conditions and Factors affecting Visual Acuity 
 There are many visual conditions that can cause people to have problems with 
their visual system and they can be seen with different test of visual acuity.  Refractive 
errors are caused by a problem with the eye to focus the image onto the retina. Examples 
of these are myopia (short-sightedness) and hyperopia (far-sightedness) where there is a 
spread of the image laterally (Kalloniatis. 2007). These different refractive errors cause a 
change in the point spread function of the eye that leads to a decrease in the ability in 
many visual tasks discerning sharp edges. Myopia is when the visual system is said to be 
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to strong and the image forms in front of the retina and hyperopia is when the visual 
system is not strong enough and the image forms behind the retina. These different 
refraction errors are shown in Figure 1.13. 
                                  
 Figure 1.13. Representation of different refractive errors in eyes. (Kalloniatis, 2007) 
 
 Another factor that affects the visual acuity of a person is the size of the pupil. 
The pupil is the main component of the eye that leads to resolution on the retina. With a 
large pupil there is a large stimulation due to the amount of light and there is a decrease 
in diffraction, but there is also an affect on the resolution of the eye while a small pupil 
will have the opposite effect. The optimal size for a pupil will be between 3 mm to 5 mm 
that will compromise between diffraction and resolution (Kalloniatis, 2007). 
 Contrast sensitivity is also an important factor when it comes to vision. In clinical 
settings they use high contrast where there are black letters on a white background. 
However, in many instances during normal life situations we do not see such a high 
contrast. To determine the relationship between visual acuity and contrast many 
researchers use gratings because we can determine the sensitivity of the visual system as 
a function of grating size (Kalloniatis, 2007).  
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II. Methods and Materials 
A. Subjects and Pre-tests 
  
 The subjects for the “open-door” experiments were volunteers aged 18 to 23 from   
Neurobiology (Bio 474/574) and Anatomy and Physiology (Bio 208) classes at the 
University of Maine. Once arrived at the laboratory they signed-in and were provided a 
subject ID to maintain confidentiality. They read an informed consent form and agreed to 
participate. After filling out a confidential questionnaire they were given a few different 
pre-test to test for visual impairments. The questionnaire consisted of questions of visual 
deficiencies, skin color, eye color, age and gender (see appendices). The pre-test 
consisted of an Astigmatism test (grid and radial) as well as the Ishihara Colorblindness 
test (see appendices).  
  
 B. Experimental Procedure 
 Once the subjects completed the pre-tests they were seated in another area where 
they were presented with three different VA charts. The charts consisted of the Snellen 
Chart (cat. No. 5002, Precision Vision, La Salle, Illinois), logarithmic Landolt C (cat No. 
2210, Precision Vision, La Salle, Illinois) and a logarithmic ETDRS chart (cat No. 2123, 
Precision Vision, La Salle, Illinois). These charts are depicted in figure 2.1. 
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                            Figure 2.1. Pre-test Station with different VA Charts. 
 First, the subject was positioned 20 feet away from the Snellen chart, which was 
the standardized distance that was recommended by Precision Vision. The subjects 
started with the first line and worked their way down on the chart until they got more 
than half of the letters wrong on the line. If the subject was able to determine a letter on 
the next line then they were given a +1 to the previous line. An example of this is if the 
subjects had 20/20 vision and got one correct on the next line then they would have a 
vision score of 20/20+1.  
 Next, there was a logarithmic Landolt C placed 13 feet (4 meters) in front of the 
subjects. The Landolt C chart had five different orientations of the rings on each line with 
a 0.1-logMAR change for each line. The subjects started on a line where they believed 
they would have trouble reading and would move their way down the chart from that line 
until they incorrectly identified more than half of the optotypes (eg. 3 out of 5 wrong).  
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 Finally, the subjects were placed 13 feet (4 meters) in front of the logarithmic 
ETDRS chart. The ETDRS chart had five different letters on each line and the style 
followed the same logarithmic function of the Landolt C. The subjects were asked to start 
on the first line and work their way down the chart until they go more than half of the 
letters wrong on a line. The vision scoring was the same for each of the charts. These 
three charts were all under the same luminance in the same room.     
 Next the subjects were brought into another room where we had our computer set 
up for the “open door” experiment. The subjects were asked to sit in a chair that was 
positioned 10 feet away from the computer screen. This distance has been used in earlier 
studies and found this to be the optimum distance give the resolution and pixel density of 
the screen. In front of the subjects were a keyboard, joystick and instructions for the 
“open door” experiments. This open door experiment consisted of an opening of varying 
width on one of the four sides of the box. The subject was instructed to use the joystick to 
click the direction they believed the opening to be (up, down, left, or right). A fifth option 
available to the subjects was to press a red button that was on the joystick if there were 
confident there were no openings. The instructor then provided the subjects a short 
tutorial so they would learn what was expected as walking them through the trial run of 
the experiment.  
 Some subjects completed the open door in the dark while others completed the 
experiment with the lights on so we could look at the effects of luminance on the open 
door experiments. After the subjects had completed both of the trials they filled out a 
post-test questionnaire so as to get their response to the experiment (see appendices). 
Where upon their session was completed. 
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 C. Experimental Design 
 The open door experiment program software was written by Mike Murphy 
(Sensory Cyber Systems LLC; Orono, Maine). This acuity program allows for changing 
the color and intensity of the background and the box quite easily, while altering other 
characteristics of the box. The program was displayed on an LED screen (1600x900). In 
this experiment we altered the width of the opening on a different sides of the displayed 
box along with the color of the box and background. The colors that were chosen, as 
foreground box and background colors were black and white so we could make 
comparisons to the visual acuity charts that were obtained. The size of the gap on one of 
the sides of the box could be manipulated to create an opening between 1 to 6 pixels in 
width.  
 
        Figure 2.2. Experimental room and station (Picture from Jordan Servatas). 
  
 Figure 2.2 shows the experimental station that they subject were at to conduct the 
“open door” experiments. Subjects had three seconds to guess which side of the box the 
gap was on. The five choices consisted of left, right, up, down or no gap. The joystick 
was used by the subject to indicate which side of the box was open, while a red button on 
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the joystick could be used by the subject to indicate they thought that there was no 
opening on any of the sides of the box. After the three seconds passed, if the subject did 
not distinguish which side of the box the gap was on the program went onto the next gap 
and that previous open door was considered a wrong answer. If the subject guessed the 
right answer then that was recorded as a “true” correct, but if they guessed the wrong side 
or did not see a gap and said there was none when there actually was a gap then that was 
recorded as “false” incorrect. Also if the subject did not respond in the 4 seconds then 
that was a recorded as “false” also. By random chance, the subjects had a 20% chance of 
guessing the correct open side even if they could not see an opening because of the five 
different choices that the subject had available to them.  The experiment only consisted of 
black on white (XoW) and white on black (WoX) boxes against backgrounds. These 
colors were used because we were comparing this “open-door” program to the three 
different charts that were stated previously which were black letters on white 
backgrounds.  
 As stated above, the subject if forced to make a random choice has a 20% chance 
of getting it right. Therefore, score of 20% or less for their acuity indicates their inability 
to distinguish the correct side of an opening at a particular width. On the other hand, if 
the subject gets a 100% correct score for a certain pixel width then they are considered 
able to distinguish that gap every time with the color combinations tested. We define 
visual acuity for that test and subject at the 60% correct score, which is half way between 
the 20% random and 100% correct scores. Acuity between 1 to 3 pixels would be high 
visual acuity, while acuity of 4 to 6 pixels would be seen at low visual acuity. From the 
graph that of percent correct versus pixel with opening generated from acuity we were 
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able to use a calculation created within Excel to interpolate the visual acuity of the 
subject. Through this we were able to further calculate the angle subtended by the pixel 
width at visual acuity through geometric considerations and conversion factors. Note that 
this angle formed between the line of sight from the subjects’ eye to both edges of the 
box opening at visual acuity defined at the 60% correct response. We expressed these 
numbers in seconds of arc to yield whole numbers instead of tiny fractions.  
 D. Standardizing “Open Door” experimental results get similar results to the 
Landolt C pre-tests. 
 To look at this we standardized our subjects by comparing their Landolt C and 
trying to have identical groups for comparison of the trials. Next the results of their 
“open-door” experiment were put into a acuity calculation which uses basic geometry to 
figure out the angle that the subject can distinguish on their retina in seconds of degree 
arc (seconds of arc). Figure 2.3 represents the Excel spreadsheet that was used to obtain 
these calculations. 
 
Figure 2.3. The Acuity Calculation Excel Sheet that was used for the calculations for the angle on the 
fovea. 
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This same acuity calculation Excel sheet can be used to distinguish the size of the angle 
for the Landolt C as well by knowing the distance and the size of the gap for each line of 
the Landolt C chart. By using a chart obtained from an article called, Visual Acuity 
Measurement Standard we were able to figure out the gap size for the Landolt C rings. 
This chart is shown in Figure 2.4. 
 
                      Figure 2.4. Size of Landolt C Gap sizes.  
 
With the use of these gap sizes we can use the same formula in which we did with the 
“open door” experiments to discriminate the angle that the subject perceived on that 
certain line. Next we could find the average and standard deviation for both the “open 
door” experiments and the Landolt C and then run a paired t-test.  
 E. Attempts to Standardize the Landolt C visual acuity results to the ETDRS 
and Snellen Charts. 
 To compare the Landolt C to the other two charts that were used during our pre-
test session we compared the logMAR values that were given on the charts themselves. 
To determine the subjects’ logMAR visual acuity we took their best line read and 
subtracted by 0.02 log units per letter read after that since each line has a change of 0.1 
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log units with five letters per line. Therefore the subjects had their logMAR VA 
calculated and then compared through a paired t-test.  
 Since the Snellen Chart does not have this nice progression in logarithmic form 
we had to use the best line approach where if the subject got more than half the letters 
right on a certain line that logMAR score was their overall logMAR acuity.  
 F. Criteria for selecting Subjects 
 To ensure that each subject was identical to each other we created a way using the 
Landolt C test which has a black C with a white background. The way in which we 
approached this was by given the subject a number depending on the line and the number 
of letters on the line that they got. The number that is shown on the left side of the 
decimal point is the highest whole line read by the subject while the number to the right 
of the decimal increase by 0.2 per letter read correctly since there are five letters per line. 
So if a subject read to line 11 and got 3/5 correct letters on the next line (60%), their 
Landolt C acuity score would be 11.6. To ensure that there were not discrepancies 
between male and female subjects we ensure that there were equal number of males and 
females in both of our series. Table 2.1 shows the subject from both the J and H series. 
The H series was XoW trial and then a WoX trial, while the J series was a WoX trial and 
then a XoW trial. 
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                                H series                                          J series 
Gender Age Landolt C Values Gender Age Landolt C Values 
F 20 12.0 F 18 9.8 
F 19 12.0 F 18 10.4 
F 18 12.0 M 19 11.8 
F 19 12.0 F 18 12.2 
F 19 11.8 M 20 11.8 
F 18 10.0 F 18 11.8 
F 18 13.0 F 18 12.4 
F 19 11.6 F 18 11.8 
M 19 11.0 F 18 12.8 
F 18 12.0 F 19 10.8 
F 18 12.0 F 18 11.4 
F 20 13.0 F 19 12.8 
M 18 11.0 F 18 11.6 
Average 18.7 11.8 Average 18.4 11.6 
Range 18-20 10.0-13.0 Range 18-20 9.8-12.8 
                   Table 2.1. Female and Male Landolt C values and age data for all 26 subjects. 
 
III. Results 
 A. Comparison between XoW acuities before and after WoX tests. 
 To test for any possible effects of light adaptations or fatigure, the average acuity 
for XoW in both the H and J series were looked at. Figure 3.1 shows the overall average 
acuity for these the H and J series for the XoW trial. The standard error bars were 
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implemented so we could see if there was a significant difference between the average 
percent correct responses.  
 
Figure 3.1: Difference between H and J series for all subjects.  
 
 Figure 3.1 indicates that for each of the trials there were similar percent correct at 
different pixels widths. At the defined acuity valued, which we previously stated as 60% 
correct. The two interpolated pixel widths were 2.85 for the H series and 2.80 for the J 
series. This was also done with the WoX for both the H and J series. Figure 3.2 shows the 
average percentage correct for the different pixel widths. These two curves appear nearly 
the same. 
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Figure 3.2: Difference between H and J series for all subjects. 
  
 Taken together Figure 3.1 and 3.2 both support the finding that there were no 
effects of light/dark adaptive or fatigue factors influencing my experimental results. This 
is because both curves were obtained after different amounts of light and time between 
recordings. Again similar to the XoW figure, WoX averages for both the H and J series 
look quite similar at the 6 different pixel widths. At the inflection point the pixel width 
averages for the H and J series were 2.27 and 2.37 respectively. These two graphs show 
us how we have very smooth increase over time while the pixel width increases which is 
due to the fact that there were more choices therefore there was only a 20% chance of 
having a false-positive which would cause the graphs to have a sporadic increase over 
time.  
  
 B. How does the XoW and WoX from the Open Door Experiments compare 
to the Landolt C in arcseconds? 
 To compare the XoW and WoX with the findings of the Landolt C pre-test, we 
analyze the acuity angle calculated from the acuity measurements from both types of 
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studies in arcseconds. Table 3.1 shows the average arcsecond values for the three 
different tests, namely Landolt C, XoW and WoX. 
 
 Landolt C XoW WoX 
Average (arcsec) 0.882 0.944 0.681 
Standard Deviation 0.188 0.447 0.138 
Table 3.1: The average angle and standard deviation for the Open Door experiments and Landolt C 
pretest. 
 
This data is also represented in graphic form in Figure 3.3, which depicts average 
differences between the three different tests and the standard error bars for each. T-tests 
performed between all combinations confirm that there are no statistically significant 
differences between the open door XoW and the Landolt C measurements, but there were 
between both the open door XoW and WoX data as well as the Landolt C and open door 
WoX (indicated by the asterisk).   
Figure 3.3: Average Acuity Angle for Landolt C and Open Door Experiments. 
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 Figure 3.3 indicates that the XoW and Landolt C have similar average acuity 
angles while WoX has a smaller acuity angle. Figure 3.4 indicates that the XoW and 
WoX average acuity angles are significantly different (p≤0.05). The two-tailed paired t-
test results are shown in Table 3.2.  
 
P-values XoW WoX 
Landolt C 0.520 6.32x10-5 
XoW   0.0075 
Table 3.2: P-values between different “open door” experiments and Landolt C pretest. Numbers in 
bold represent significantly different values at 95% confidence (p<0.05). 
 
 
               Figure 3.4. Average acuity angle between the XoW and WoX experiments. 
 
These p-values represent the difference between the three different tests that were 
conducted just before and during the open door experiments. These p-values show XoW 
as well as WoX “open door” experimental results have significant differences (lower 
right box) as well as a significant difference in experimental results between the Landolt 
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C and WoX “open door” (upper right box). This will be later discussed in the discussion 
session of this paper. There were no significant differences in experimental results 
between the XoW “open door” experiment and the Landolt C in regards to the acuity 
angle. These data were obtained from the 26 subjects using the acuity calculation excel 
spreadsheet which was provided in the methods section (Table 2.1). 
 C. How does the Landolt C chart compared to the ETDRS and Snellen in 
logMAR VA? 
 The comparison between the Landolt C logMAR VA average and the ETDRS 
logMAR VA average are shown in Figure 3.5.  
 
 
Figure 3.5: LogMAR average acuity for Landolt C and ETDRS Charts. 
 
This average logMAR VA for the Landolt C chart was -0.082 ± 0.083 logMAR while the 
average logMAR VA for the ETDRS chart was -0.124 ± 0.077 logMAR. Looking at the 
two averages there is a difference of about two letters or rings due to the fact that each of 
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averages is 0.04 log units. Since there is a difference of 0.1 log units for each line and 5 
letters per line this means that each letter represents a 0.02 log unit change in the 
logMAR calculations. A two-tailed equal variance t-test revealed that there was no 
significant difference at a 95% confidence interval (p≤0.05) between the Landolt C 
logMAR data and the ETDRS logMAR data since the p-value obtained was 0.07. Figure 
3.5 shows the comparison between the Snellen logMAR average VA and the Landolt C 
logMAR average VA.  
 
Figure 3.6: Comparison between averages for the Landolt C logMAR VA scores and the Snellen 
Chart logMAR VA scores.  
 
 Figure 3.6 shows us that there is a significant difference between the Landolt C 
logMAR average, which was -0.082 ± 0.083 logMAR while the Snellen logMAR average 
was -0.146 ± 0.086 logMAR. Therefore in a relation to optotypes there was 
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the p-value obtained was 0.009. Table 3.3 shows the three different p-values for the 
different charts regarding the average logMAR VA for all 26 subjects.  
P-values Snellen Landolt C 
ETDRS 0.328 0.067 
Landolt C 0.009  
Table 3.3: P-value comparison between the three different pretest charts. Numbers in bold represent 
significantly different values at 95% confidence (p<0.05). 
 
 
IV. Discussion 
 Visual acuity is the ability to distinguish objects and figures in sharp detail. Over 
the years there have been many different VA charts that have been created to detect the 
ability of a human eye to distinguish detail and there is still large debate on which chart 
should be used in clinical and research-based programs. My work here utilized these 
“open door” experiments as a new form of computer-based technology that will be able 
to be used for educational purposes as well as for clinical applications. Previous studies 
(Gori, 2014) have shown that used in certain ways, using an open door computer-based 
procedure could lead to these applications. However we must examine carefully the basic 
underlying test and how it is applied before we can move to different colors, contrast and 
other advanced features of this adaptable and versatile program for quantifying visual 
processes. The first question that was asked here was would there be a difference in the 
visual acuity angle that a person would reveal between the open door experiments 
compared to the Landolt C results? I found that there was no significant difference 
between the XoW (black box on white background) “open door” experiments, but there 
was a significant differences in results between the WoX (white box one black 
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background) “open door” experiment with either the XoW and Landolt C results. This 
will be discussed further in this section, as I will try to hypothesize as to what maybe is 
occurring to cause those differences. Another question that was asked was whether there 
was a direct relationship between the Landolt C, ETDRS and the Snellen charts that were 
used in the pre-tests? I found that there were some similarities, but did find differences 
between the charts in terms of logMAR values.  The following sections will discuss the 
results in finer detail and will attempt to explain why the “open door” experiments may 
become an optimal way to measure a person’s acuity.  
  
 A. No evidence for effects of light/dark adaptation or fatigue unduly 
influencing the major findings. 
  
 Comparing the XoW and WoX acuity series demonstrated that there was no 
significant difference in a person’s visual acuities with respect to which of the series were 
presented first. Evidence for this derives from the fact that the H series began with the 
XoW and then went onto the WoX while the J series followed the opposite sequence. 
This finding is important because if fatigue occurred or undue dark/light adaptations 
occurred anywhere in the visual system of our subjects our results would have been 
conditioned or time dependent. 
  
 B. Comparing Visual Acuity Results from the Landolt C Chart with the 
computer equivalent, the XoW “open door”. 
 The comparison of the Landolt C chart to the “open door” experiments yielded 
some important results that must be further considered. As shown in Figure 3.3 there was 
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no significant difference at a 95% confidence level between the Landolt C and the XoW 
“open door” experiments. This result is what one might have predicted due to the fact that 
these two experiments are based on the subjects ability to distinguish a gap on one of the 
four sides of a black circle/box on a white background, as observed in the “open door” 
box experiments or circle as in the Landolt C chart. If you look at the average arcseconds 
for the XoW “open door” experiment, which was 0.944 arcseconds, and compare it to a 
certain line on the Landolt C chart, you would find that it would be between the tenth and 
eleventh line. These results are satisfactory because they show how we can compare the 
“open door” experiment to the Landolt C in terms of angle of resolution. Both studies 
challenged the subjects to a task where a subject must distinguish if and where a gap 
occurs. There is less of a chance that a subject will be able to use their cognitive 
processing that could be involved in tasks that distinguishes an English alphabetic letter 
(Wittch W. et al., 2006).  The slight variation within the average angles between the 
XoW and the Landolt C could be due to the fact that the screens luminance could not be 
accounted for because we do not control for the exact luminance of the screen. Further 
studies could look at the luminance of the screen or chart and try to calibrate the 
computer to indicate the closest value possible compared to the Landolt C presentation. 
 
 C. Comparing Visual Acuity Results from the Landolt C Chart with the 
“negative” computer equivalent, the WoX “open door” 
 The WoX “open door” experiments yielded results that were unexpected when 
looking at the visual acuity angle perceived by our subjects. As previously stated in the 
results section, the subjects’ ability to distinguish smaller gaps on the WoX open door 
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was significantly smaller compared to the Landolt C and the XoW open door 
experiments.  At a 95% confidence level the p-values were very low. There have been 
many different studies on the effect of changes in polarity in reference to visual acuity 
charts. Westheimer et al., 2003 found that using a Landolt C comparison of the normal 
chart and a reversed polarity chart, the chart with the bright letters and a dark background 
had a very high significance difference compared to the normal chart (p < 0.001). This 
study also demonstrated that these subjects also had a better ability to in distinguishing 
the resolution of a bright object on a dark background. This study did not focus on age. 
However, in our study there was a range in age from 18 to 20 years old. Other researchers 
have reversed the contrast of a Snellen chart and found that there was a tendency for 
older patients to have improved acuity when this chart was reversed in contrast 
(Westheimer et al., 2003). Both studies together show a phenomenon that should be 
looked at in closer detail due to the fact that with even younger subjects there is a 
significant increase in the visual acuity in the subjects.  
 The hypothesis behind this phenomenon has much to do with the point spread 
function (PSF) that is expressed on the fovea.  Research on this phenomenon is still 
ongoing and the current theory is that there is a difference in the resolution threshold for 
the two different contrasts. One form of this hypothesis takes is that there is a difference 
in the brightness in terms of ΔI/I, where ΔI is the just detectable brightness difference and 
I is the prevailing brightness. This being stated, if the ΔI is the same for both the dark on 
white and the white on dark these I values will be different causing the white on dark to 
have a much smaller value for the threshold value and therefore the subjects will be able 
to detect at a much smaller level (Westheimer et al., 2003). This means that the gap 
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should be able to make become smaller for the WoX compared to the XoW without 
losing the subjects ability to resolve that gap. 
 
 Figure 4.1. Resolution PSF between XoW (left) and WoX (right) (Westheimer et al., 2003) 
  
 The figure above shows a dimple in the middle of a Gaussian curve, which 
represents the PSF of a subjects’ eye when performing a resolution-based task. If this 
dimple is narrow enough but still matches the retinal elements it will still be able to be 
resolved. However, the contrast-detection mechanism must be able to distinguish the 
light difference between a peak and a trough (Westheimer et al., 2003). As stated 
previously the ΔI/I so therefore for XoW the contrast formulation would be Ic/Id and the 
WoX would be -Ic / (Io-Id). The WoX would be a smaller value and therefore the subject 
would have the ability to determine smaller resolution patterns. 
 These open door experiments could allow us to further investigate this 
phenomenon and look into other components of the eye that are being studied today like 
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light scattering and aberrations in the eye (Marcos et al., 2008). Since we can brighten 
and darken the computer screen we could look at the ability of different subjects to 
distinguish these gaps at different luminance and figure out what is the optimal 
luminance for distinguish gaps within the open door experiment. A recent study has 
looked at the ability of different subjects with different corrected ocular aberrations and 
found that there seems to be a certain level of luminance that is best for this reversed 
polarity chart (Marcos et al., 2008). The open door experiments could also look at this 
problem and use a different approach to hopefully find the same results and verify the 
hypothesis that there is an optimal luminance for the WoX. Since there has not been 
many studies on these reversed polarity charts we shall look at this in more detail.  
  
 D. Not all Visual Acuity Charts are created equal. 
 As seen in our results the pretest charts that consisted of the Landolt C, Snellen 
and ETDRS charts did not give the same value in terms of the logMAR score. A two-
tailed t-test of the data obtained from subjects revealed that there was a significant 
difference in terms of the logMAR score between the Landolt C and the Snellen chart (CI 
95%). Even though these particular charts have these comparisons it appears that the 
Snellen chart is overestimating the persons VA compared to that of the Landolt C. This 
might be a result of the resolution vs. recognition argument wherein a subject may be 
able to identify letters better than a gap because there is a higher cognitive processing that 
is occurring (Pointer, 2008). The current study found that there was a significant 
difference between the two charts and a 95% confidence level with a p-value that was 
less than 0.01. The average difference was approximately a 0.08 logMAR difference (4 
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optotypes) while other studies have found a mean difference of 0.05 logMAR (2.5 
optotypes) that was also significant (Plainis et al., 2013). Therefore is there higher 
cognitive processing that is occurring within the subjects that is helping them distinguish 
certain letters as they get much smaller? If this is occurring then the Landolt C is looking 
more at the resolution capabilities of the eyes and not a top down functioning that could 
be occurring while the subject is trying to distinguish certain letters. This might also 
indicated that there might be certain charts that should be used for different visual tasks 
throughout a patients’ lifetime (Pointer, 2008).   
 Even though there was not a significant difference between the Landolt C and the 
ETDRS chart the average ability for a subject to judge a letter was still about a two letter 
difference in terms of the logMAR score. Other studies have also found that there is no 
significant difference between the ETDRS chart and the Landolt C (Ruamviboonsuk et 
al., 2003).  
  
 E. Automation of the Open Door Experiment. 
 This study has shown that there is no significant difference between the Landolt C 
and the XoW open door experiments that we have created. With further programming we 
could create a stepwise program that would remove the need for creating many excel 
spreadsheets that are used to analyze and calculate the person defined acuity value at the 
60% criterion. The program could use the simple geometric algorithm that could 
automatically calculate and display immediately on the screen of the computer the acuity 
angle in terms of arcseconds. This would lead to an easier procedure when it came to 
analysis and errors that could occur with the copying and movement of data would not 
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occur. Automation for this program may be available relatively soon and further studies 
will be more easily able to be conducted to compare the visual acuity differences between 
color combinations at different screens and room light intensities. 
 The ultimate automation of the “open door” program would be for the program to 
chant the gap width depending upon how the subject answered the previous challenge. A 
wrong answer would have a larger gap width displayed, and a correct response a smaller 
gap width.   
  
 F. Further Analysis and Experiments    
 The open door experiment has many implications that could be further developed. 
We began looking at differences between the lights on and the lights off within the 
experiment room, but needed a larger sample size to distinguish any differences in the 
open door experiments. The full automation of the open door experiment would provide a 
faster and more efficient visual acuity measures and this would allow us examine the 
repeatability of the results and compare this to the repeatability of other clinical charts 
that could be studied through the open door program. These studies would indicate 
whether the test results are reliable over time because with the stepwise full automation 
there would be different pixel width openings in different orientations with no set order. 
Finally, these fully automated open door experiments could be used to look at the many 
different ocular deformations and aging problems that occur in humans. This program 
could help distinguish certain problems that affect visual acuity and compare these results 
to different charts. Many studies have compared the subjects VA pre and post op and 
showed increases in VA. This could be shown in a similar fashion with the open door 
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experiment without the need of an expensively trained ophthalmologist or optometrist to 
painstakingly measure the patient’s visual acuity. 
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